Live attenuated vaccines are regarded as the most efficient means for inducing sustained protective cytotoxic T-lymphocyte (CTL) responses against human immunodeficiency virus type 1 (HIV) type 1 (HIV-1) (13, 19) . Despite serious concerns raised in a study demonstrating the pathogenicity of attenuated simian immunodeficiency virus (SIV) infection in neonatal macaques (2) , an extensive array of SIV mutants with levels of attenuation ranging from partial to complete has been developed (14, 15) . Strong and persistent CTL responses in macaques infected with two of these attenuated mutants for more than 6 years have been demonstrated (19) , and infection with either of these strains has resulted in protection against challenge with pathogenic SIV (11, 49) . Furthermore, it has been demonstrated that these attenuated SIV strains are not vertically transmitted and that pathogenic infection in neonatal macaques was restricted (two of three macaques) to a high oral dosage in neonates born to unvaccinated macaques (50) . Although the use of this approach in humans has not been attempted for HIV infection, various studies have demonstrated an association between infection with nef-defective viral strains and the apparent lack of disease progression (12, 20, 31, 43) . In particular, a study of individuals infected with an attenuated nef and nef/long terminal repeat deletion strain of HIV-1 through blood transfusion from a single donor (the Sydney Blood Bank Cohort [SBBC] ) (12, 27, 28) could provide insights into the long-term immunological consequences of living with an attenuated HIV-1 infection. The findings of this study would be of crucial interest to the growing number of physicians currently prepared to volunteer in a trial of live attenuated HIV as a vaccine candidate (9) .
There is substantial evidence supporting a role for HIVspecific CTLs in the containment of HIV replication and for stimulating memory CTLs as part of a prophylactic vaccine strategy. The appearance of CTLs during primary HIV-1 infection has been associated with the initial control of viremia and the resolution of symptoms (5, 25) , and it is evident that CTLs exert strong selective pressure on the virus at an early stage of infection (6) . High levels of CTLs have also been associated with the ongoing control of viremia and the lack of disease progression in asymptomatic individuals (7, 22, 39) , and although CTLs continue to exert strong selective pressure, their ultimate failure to respond to escape mutants is associated with symptomatic disease progression (17, 24) . Recently, we used highly sensitive effector CTL-binding tetrameric complexes to demonstrate a significant inverse correlation between the level of circulating effector CTLs and the plasma load of viral RNA (36) .
It was demonstrated recently that CD8 ϩ T lymphocytes from recipients in the SBBC are less activated than those in other long-term HIV-1-infected individuals and that the slight elevation in the level of these activation markers was associated with individuals in the cohort with a detectable plasma viral load (52) . We now report the levels of HIV-1-specific memory and effector CTLs in members of the SBBC studied over a 1.5-to 3-year period. We measured levels of CTL precursors (CTLp) by using limiting-dilution analysis (LDA) and direct lysis by freshly isolated peripheral blood mononuclear cells (PBMC) of recombinant vaccinia virus-infected targets. We measured levels of effector and memory CTLs against various HIV-1 determinants in freshly isolated PBMC by using HLA-specific tetramer-binding assays and enzyme-linked immunospot (ELISPOT) assays. Despite 13 to 17 years of infec-tion with an attenuated strain of HIV-1, strong CTL responses were detected in four of seven SBBC patients; two of these four individuals had very low and undetectable viral loads, respectively.
MATERIALS AND METHODS
Study subjects. Stored PBMC from the donor (D36) and six recipients in the SBBC were studied from samples collected between March 1994 and December 1997. Clinical data taken from these time periods and HLA typing are shown in Tables 1 and 2 , respectively. The SBBC has been described elsewhere (12, 27, 28) . An update of the current clinical status of the SBBC was recently compiled (29) . For the purposes of this study, we divided the SBBC on the basis of the level of viremia in plasma (Ͻ200 or Ͼ200 viral copies/ml). Although viral load levels were generally low in the viremia-positive subgroup (mean, 1,980 copies/ml), this subgroup was associated with the ability to isolate virus, increased activation of CD8 ϩ T lymphocytes (52) , and a gradual decline in absolute numbers or percentages of CD4 ϩ T lymphocytes (29) . Tetramer-binding assays. The assay for tetramer-binding cells in freshly isolated PBMC was performed as previously described (1, 36) . Specific peptides (33, 35, 37, 45, 46) used in the construction of the tetrameric complexes or in the ELISPOT assay are listed in Table 2 . Briefly, PBMC were centrifuged at 300 ϫ g for 5 min and resuspended in 50 l of cold phosphate-buffered saline. PBMC were incubated with tetramers and antibodies on ice for 30 to 60 min and then washed twice before formaldehyde fixation. Triple-color analysis was performed with tetramer-bound phycoerythrin, anti-CD8-Tricolor (Caltag, Burlingame, Calif.), and anti-CD38-fluorescein isothiocyanate (Dako, Carpinteria, Calif.). PBMC were then analyzed for the expression of cell surface markers (CD8 and CD38) by use of a FACScan with CellQuest software (Becton Dickinson, San Jose, Calif.). Gates were applied to contain Ͼ99.98% control samples. Controls for the tetramers included both A*0201-negative individuals and A*0201-positive HIV-uninfected donors. The limit of detection was 0.02% CD8 ϩ T cells. ELISPOT assays. ELISPOT assays were performed as previously described (26 /well) were added and incubated for 16 h at 37°C in 5% CO 2 . The cells were removed, and the plates were incubated with a biotinylated monoclonal antibody to human IFN-␥ (Mabtech) followed by streptavidin-alkaline phosphatase. Spots were developed by incubation with a chromogenic alkaline phosphatase substrate (Bio-Rad Laboratories, Hercules, Calif.). Results are expressed as spot-forming cells/10 6 PBMC. The limit of detection per well was 100/10 6 PBMC. Freshly isolated CTL assays. Fresh uncultured PBMC (effectors) were added to round-bottom 96-well culture plates at various concentrations to produce effector/target ratios ranging from 100 to 12.5. Targets expressing cell-processed HIV-1-derived antigens were autologous Epstein-Barr virus-transformed BLCL infected with 5 PFU of either a vaccinia virus control (vac-lacZ) or recombinant vaccinia virus expressing HIV-1 IIIB -derived env, gag, pol, and nef (kindly provided by Therion Biologics, Cambridge, Mass.) per cell and incubated overnight. This step was followed by incubation with Na 2 51 CrO 4 (Amersham) for 2 h and three washes before 2,500 cells were added per well. The plates were incubated at 37°C for 4 h before supernatants were harvested for ␤-particle counting. Percent lysis was calculated as follows: (experimental counts Ϫ medium control counts) ϫ 100/(detergent counts Ϫ medium control counts). Lysis of control vaccinia virus-infected BLCL was subtracted to yield specific lysis. Medium control counts were between 10 and 15% detergent control counts. Low-level CTL results (Ͻ10% specific lysis) were included, since this level of activity has been shown (36) to correlate with substantial tetramer binding.
LDA of CTLp. The method for quantifying HIV-1-specific CTLp levels has been described elsewhere (25) . Briefly, two LDA plates were set up with PBMC (0, 250, 500, 1,000, 3,000, 6,000, 12,000, and 16,000 per well; 24 replicates) in RPMI 1640 supplemented with 15% fetal calf serum and 100 IU of interleukin-2 per ml. Gamma-irradiated allogeneic PBMC (2.5 ϫ 10 4 ) and 0.1 g of anti-CD3 antibody (clone 12F6; from J. T. Wong, Massachusetts General Hospital, Bos- ton) per ml were added to each well. The medium was changed twice a week by removing half of the supernatant and replacing it with an equal volume of fresh medium, and cultures were maintained for 14 days prior to assays. Standard 51 Cr release assays were performed, with the effectors from the LDA plates split six ways. Effectors were assayed against autologous BLCL targets produced as described above. The assays were performed with a BIOMEK-2000 robotic machine controlled by programs written with BIOWORKS software (Beckman Instruments, Fullerton, Calif.).
In the split-well analysis, a well was regarded as positive for antigen-specific CTL activity when the percent specific lysis of autologous target cells exceeded 10% and was 10% more than that of the corresponding control target cells. After the wells were classified as either positive or negative for CTL activity, the number of replicates and the number of negative wells were entered into programs written in Microsoft Excel according to the maximum-likelihood method (kindly provided by S. Kalams, Boston, Mass.) to calculate the CTLp levels and their corresponding 95% confidence intervals. All results are presented as HIVspecific CTLp levels, with background CTL activity against control vaccinia virus subtracted, and are expressed as the number of CTLp per 10 6 input PBMC. The operational limit of detection in these assays was 10 CTLp/10 6 PBMC. HLA restriction of CTLp responses. PBMC were stimulated and cultured under the same growth conditions as those used for the CTLp assays and tested for specific lytic activity against vaccinia virus-infected targets. Cultures with CTL activity were further tested against HLA-A and HLA-B single-allele matched target sets to restrict each CTL response. Killing of BLCL homozygous for the HLA-A and HLA-B loci was compared with killing of autologous BLCL targets.
Viral load assessment. Plasma viral load (RNA copies per milliliter) was assessed by PCR with an Amplicor HIV Monitor kit (Roche, Branchburg, N.J.) in accordance with the methods specified by the manufacturer.
T-lymphocyte counts. Whole blood counts and flow cytometric analysis of T-cell subsets were performed by standard methods (52) . CD4
ϩ and CD8 ϩ lymphocytes were determined by direct immunofluorescence with monoclonal antibodies against CD4 and CD8 (Ortho Diagnostics, Inc., Raritan, N.J., and Coulter Electronics, Inc., Hialeah, Fla.). The samples were analyzed on an Epics V flow cytometer (Coulter) and expressed as numbers of CD4 ϩ or CD8 ϩ cells per microliter of whole blood.
RESULTS
HIV-1-specific CTL responses from individuals in the SBBC were studied over a 1.5-to 3-year period up to the end of 1997, with the exception of recipient C18, discussed below. The mean and yearly change (slope) in T-cell counts and plasma viral RNA load are summarized in Table 1 . Since these data apply only to the time period of this study, there are minor differences between the current assessment of long-term trends in the data and an assessment reported elsewhere (29) . In this study, the individuals were sorted according to the presence of detectable plasma viral RNA (Table 1) . Samples from individuals without detectable viremia were furthermore below the detection limit (Ͻ20 copies/ml) when the Roche ultrasensitive PCR assay was performed (results not shown).
HIV-1-specific CTL responses are detected in the donor and recipients with detectable plasma viremia. Results from the four individuals (the donor and three of the recipients, C18, C54, and C98) with detectable plasma viremia are shown in Fig. 1 . The presence and quantity of circulating memory and activated effector CTLs were assessed by IFN-␥ ELISPOT assays, HLA-A2-specific tetramer binding, direct lysis of autologous B-lymphocyte cell lines expressing HIV-1-derived epitopes from recombinant vaccinia virus by cryopreserved PBMC, and LDA. Donor 36 had the highest viral load of the individuals studied and, over the time course of the CTL measurements, had one spike of plasma viremia. This spike was associated with an increase in the level of direct effectors against pol determinants (Fig. 1C) . Based on bulk CTL cultures, this pol-specific response was HLA-A23 restricted (Table 2) . Interestingly, D36 showed a nef-specific effector response, as indicated by the HLA-B8 Nef peptide reactivity in ELISPOT assays. However, since the Pol peptide was not included in this analysis, the ELISPOT assay-positive population, (reactive against HLA-B8 gag and nef peptides) did not change in response to increasing viremia. The HIV-specific CTLp level, which measures purely a proliferating memory cell population, was negative over the time course of the study; this fact may have contributed to the failure to adequately contain viremia ( Fig. 1D and F) .
Recipient C18 showed a dramatic increase in the level of HIV-1 pol-specific memory CTLs, which increased 70-fold during the course of the study. This pol-specific memory level, nearly 1% of the total PBMC level, is remarkable not only for its rate of increase in the absence of significant changes in viral load (Ͻ3,000 copies/ml) but also because of the age (83 years old) of the individual. The level of in vivo-activated CTLs (lysis of pol targets) was low but increasing; however, this fact was not reflected in HLA-A2 pol-specific ELISPOT assay or tetramer-binding responses, since the pol-specific response was HLA-B60 specific ( Table 2 ). This sample was the last available sample from C18, who died 3 months later, in November 1995. The official cause of death was bacterial pneumonia; however, a full autopsy found no evidence to suggest HIV-1-related disease progression (29) .
HIV-specific CTL responses in C54 were very weak, with low ELISPOT assay reactivity to the HLA-B35 env peptide and a transient low gag-specific response on direct lysis. In contrast, the CTL responses in C98 were strong and broad, including responses to gag, pol, env, and nef. The high levels in the gag-specific ELISPOT assay were paralleled by high levels of gag tetramer-staining cells.
Variable HIV-1-specific CTL responses in individuals without detectable plasma viremia. Two of the three individuals (C49 and C64) with consistently undetectable plasma viremia had detectable HIV-1-specific CTL responses, although CTLp levels in C64 were very low (Fig. 2) . In C49 the increases in HLA-A2 gag-specific ELISPOT assay and tetramer-binding reactivities were comparable with the gag-specific CTLp levels. The CTL response was broadly reactive, with bulk culture assays showing HLA-A11 env and gag specificities (Table 2) and ELISPOT assay and tetramer-binding results showing HLA-A2-restricted responses. While the CTL responses in C49 could suggest active viral suppression, CTL responses were either weak (as in C64) or absent (as in C135). We did not have the opportunity to measure CTL activity in earlier samples from these individuals, so we cannot rule out the possibility that they showed a stronger CTL response at an earlier stage. However, the weak or absent responses would suggest that there was insufficient viral replication to maintain a memory CTL response after long-term infection with nef-defective HIV-1 in these two individuals.
DISCUSSION
The proposal to use live attenuated HIV-1 as a candidate vaccine is a controversial issue due in part to the lack of direct comparison between the macaque SIV model and human HIV-1 infection. While recent progress has been made in understanding pathogenesis during infection with different experimental strains of SIV exhibiting various levels of attenuation (15) and the immunological correlates of protection during challenge with pathogenic SIV (19, 49) , our study provides the first detailed insight into the long-term immunological consequences of infection with attenuated HIV-1 in a group of humans. The SBBC provides a unique model for live attenuated HIV-1 vaccination in humans, in that all members were infected with a natural attenuated strain of HIV-1 and have low levels of plasma viremia 13 to 17 years after infection. We demonstrated that strong CTL responses (CTLp and/or effector CTL) were detectable in four of seven individuals and that these were comparable to strong responses reported elsewhere with identical methods for other cohorts infected with HIV- 1 FIG. 1 . Analysis of direct CTL activity and CTLp levels, T-cell counts, and viral load measurements from the SBBC members with detectable plasma viremia: D36, C18, C54, and C98. (A to D) Responses to env, gag, pol, and nef determinants are shown. Peptide determinants in panels A and B are listed in Table 2 . Direct CTL activity was measured by a peptide-induced ELISPOT assay (IFN-␥-releasing cells/10 6 PBMC) (A), a tetramer-binding assay (percent CD8 ϩ T cells) (B), and direct lysis of recombinant vaccinia virus-infected BLCL (effector/target cell ratio, 50:1) (C). CTLp levels were measured against recombinant vaccinia virus-infected BLCL (D). (E and F) CD4 and CD8 counts (cells per microliter) (E) and plasma RNA viral load measurements (PCR) (F) determined during the study period. ND, tests not done.
FIG. 2.
Direct CTL and CTLp levels measured in the SBBC recipients with a plasma viral load consistently below detection (Ͻ200 copies/ml): C49, C64, and C135. See the legend to Fig. 1 for details. 
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on October 29, 2017 by guest http://jvi.asm.org/ (wild-type nef) (36, 39) or for levels of CTLs in response to experimental vaccination with live attenuated SIV in macaques (19) . Although unable to demonstrate protection in the SBBC against challenge with wild-type HIV-1, we showed that these CTL responses were durable and were associated with low levels of viremia. Since protection against challenge with pathogenic SIV in macaques has been attributed to a robust SIV-specific CTL response to the vaccine strain (19, 30) , our observations may suggest that a similar outcome may be anticipated if this vaccine strategy is attempted in humans.
The lack of an effective HIV vaccine is the major impediment in containing the rising incidence of new infections seen in poorer nations, and although many individuals have responded to this need by volunteering to test a live attenuated HIV vaccine (9), some efficacy and safety concerns must first be addressed. The primary concern is that attenuated SIV is pathogenic when given to neonatal macaques (2) , suggesting that attenuated HIV-1 may be pathogenic under certain conditions (neonates and immunosuppressed individuals). This concern has been counteracted to some extent by a recent study in which attenuated SIV did not cause vertical infection and that the pathogenicity of SIV mutants was restricted to only some neonates born to unvaccinated mothers (50) . In a different study, protective immunity in macaques vaccinated with partially attenuated SIV was demonstrated only with a vaccine strain that retained pathogenicity (30) . Conflicting results in which protection against challenge was observed in transiently infected animals in one study whereas ongoing viral replication was necessary for protection in another study have been attributed to differences in study design (8, 49) . While a unified approach to the design of SIV vaccine studies may resolve some of these differences, there are also concerns that reversion of attenuation or recombination with wild-type virus could occur in vivo (47, 48) . However, reversion to pathogenic SIV has not occurred in macaques infected with sufficiently attenuated SIV (⌬nef and ⌬nef vpr), even after 9 years of nonprogressive infection (14) .
Studies of the SBBC have addressed some of these concerns. No cases of sexual transmission of the SBBC virus have been established, and because of the ages of the SBBC individuals, vertical transmission was not an issue. We have demonstrated that attenuated HIV-1 does not have any increased pathogenicity in elderly recipients, who retain strong immune responses to this virus. Furthermore, virological and serological studies of the SBBC have demonstrated that the original genomic deletions have in fact increased in size since infection (12, 18) . This phenomenon has also been reported in another long-term nonprogressor with nef deletion size increasing over time (20) as well as in macaques infected with SIV ⌬nef (21). The Nef-specific antibody reactivity for each member of the SBBC recognized all overlapping Nef peptides except one (amino acids 162 to 177), which corresponds to the consensus nef deletion, suggesting that all other deletions occurred subsequent to the establishment of the antibody response (18) . Antibody responses to the remaining Nef peptides were of a magnitude similar to those in cohorts of individuals with wildtype nef, including one peptide (amino acids 89 to 97) similar to the HLA-B8 Nef peptide used in this study, and the wildtype nef sequence in D36 was conserved in the region that encodes this peptide (18) .
This study has shown that attenuated HIV-1 elicits strong CTL responses that may be associated with low viral loads in certain individuals, as suggested by the responses in recipients C49 and C98. Although CTLp were not detected in D36, the response to viral antigen in D36 (transient viral load peak at 15.5 years postinfection) was effective, as seen by the close association between the rapid disappearance of the viral load peak and the persistence for 6 months of pol-specific direct lysis. The ability to generate a bulk CTL response in D36 despite absent CTLp may be due to the low cell input number (maximum concentration, 16,000/well) in the CTLp assay; in contrast, approximately 5 ϫ 10 6 PBMC were expanded for bulk cultures, a fact which may explain the presence of effector CTLs found by direct lysis and ELISPOT assays. In addition, CTL activity persisted in other members of the SBBC, despite advancing age (C18). However, some individuals in the SBBC tended to have lower viral loads with reduced tetramer binding when compared with other long-term asymptomatic individuals (36) . Either CTLs are more efficient at controlling nefdefective HIV-1 strains and are therefore not required at comparatively high levels in the SBBC or, alternatively, the lack of viral replication in the SBBC elicits lower levels of CTL activity in comparison with long-term infection with wild-type HIV-1.
Lower activated CTL measurements could be associated with increased efficiency in controlling a nef-attenuated virus. It has been shown that nef down-regulates HLA class 1 surface expression (38, 44) , and this mechanism has been shown to protect infected cells against CTL killing (10). However, despite potential down-regulation of class 1 antigens by nef-positive HIV-1, it has been demonstrated that CTLs are in fact capable of killing infected cells before the release of new virions (51) , and it has been recognized that even relatively weak CTL activity can eliminate a large fraction of infected cells (23) . Therefore, it is possible that CTL activity is responsible for keeping plasma viremia below detection in C49 and below 1,000 copies/ml in C98 due to enhanced efficiency of CTLs in controlling nef-defective HIV-1.
On the other hand, failure to elicit strong CTL responses in C64 and C135 may be related to the lack of detectable viral replication, and further attenuation of the virus could further abrogate CTL responses. This idea may seem at odds with observations that high-risk exposed but seronegative individuals have significant HIV-specific CTL responses (41, 42) which demonstrated memory responses without ongoing infection. However, C64 and C135 were infected 15 and 17 years ago, respectively, and since virus cannot be isolated by conventional techniques, we suspect that the lack of ongoing exposure to replicating virus has caused CTL levels to decline. A similar situation has been described for an individual who was infected with defective HIV-1 for a similar length of time without detectable plasma viremia and who showed a decline in CTL activity over time while retaining HIV-1-specific antibody responses (3). Additionally, we have found that individuals who commence combination antiretroviral therapy have declining activated CTL and CTLp levels in association with the drop in plasma viremia (32, 34, 36) . Therefore, it is likely that HIV-1 infection in C64 and C135 is predominantly latent and does not provide sufficient stimulation to activate strong CTL responses. In fact, C135 has always displayed an indeterminate Western blot pattern (4) . In addition, C64 and C135 have the strongest proliferative responses in the SBBC (stimulation index and proliferative precursor cell levels) to p24 (unpublished results). A strong HIV-1-specific helper T-cell response in the absence of virus-driven immune activation (52) may be an alternative mechanism for containing viral replication (40) and may signify protective immunity in highly attenuated HIV-1 infections.
As a final word of caution, while we previously demonstrated comparable immune function in the SBBC and in matched uninfected individuals (16) , our recent follow-up of these individuals suggests that slow disease progression may be occurring in some members with detectable viral replication (29) . Also, declining CTLp levels in C98 suggest that CTLs may fail VOL. 73, 1999 CTL ACTIVITY IN nef-DEFECTIVE HIV- 1 INFECTION 441 to adequately control viral replication in the future. We suggest that a potential vaccine candidate would require further attenuation than that in the natural SBBC viral strain. Regardless of whether a prophylactic HIV vaccine contains a live attenuated or otherwise modified strain of HIV-1, this study emphasizes that an attenuated strain of HIV-1 is capable of inducing sustained CTL responses, but whether such responses are capable of protecting against a wild-type HIV-1 challenge remains to be determined.
